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Abstract 
The objective of this study is to investigate the relationship between different singing styles and vocal 
tract dimensions and vowel formant frequencies in different genders. Thirty-two sopranos, 25 
mezzo-sopranos, 27 tenors, and 23 baritones were recruited. Acoustic pharyngometer (ART) was used to 
measure the vocal tract dimensions. Participants were asked to produce vowels and sing the song “Happy 
Birthday”. Praat software was used to find out the formant frequencies of targeted vowels. Results 
showed that sopranos had shorter oral and vocal tract length, smaller oral and vocal tract volume than 
mezzo-sopranos significantly. Sopranos had higher first three and averaged first three vowel formant 
frequencies than mezzo-sopranos generally. Current study provided insights on the objective 
classification method of singing styles. 
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Introduction 
Vocal tract includes oral cavity, nasal cavity and pharyngeal cavity. It is the region between lips and 
glottis (Seikel, King & Drumright, 2005). The shape of vocal tract is changed by the configuration of 
articulators such as tongue, lips, etc. Glottis is the small space between the vocal folds (Goodwin, 1980). 
When moving air from the lung passed through the glottis, the vocal folds will be set into vibration. After 
that, sounds will be produced. Sounds are complex periodic waves. Every sound consists of its unique 
combination of fundamental frequencies and overtones (Kent, 1997). The vocal tract dimensions were 
adjusted by changing the size and shape of articulators. The sounds will be amplified when vocal tract 
dimensions such as volume and length are changed to particular extents. Along the sound spectrum, 
certain ranges of frequency will be transmitted to the upper parts of vocal tract but other ranges will be 
damped (Goodwin, 1980). The ranges of frequency that are the strongest along the sound spectrum are 
called formant frequencies. The amplified sounds that are transmitted to the oral and nasal cavity will be 
shaped by articulators such as tongue, soft palate, etc and heard by listeners accordingly.  
Professional singing voices are classified into different singing styles, such as mezzo-sopranos and 
sopranos in female; basses and baritones in male. There are many classification methods for classifying 
different singing styles. Previous researches suggested that using range of singing fundamental frequency 
(Titze, 1994), amplitude of singing formant (Agren & Sunberg, 1976), pitch of singing formant 
(Cleveland, 1977), vocal fold length (Roers, Murbe & Sundberg, 2009), vocal fold width (Larsson & 
Hertegard, 2008); timbre transformation (Erikson, Perry & Handel, 2001; Erickson, 2003); vocal tract 
length (Dmitriev & Kislev, 1979; Tsoi, 2009; To, 2010), singing formant frequency (Dmitriev & Kislev, 
1979; Sundberg, 1973, 1995; Tsoi, 2009; To, 2010) and vocal tract volume (Erikson et al., 2001; Tsoi, 
2009; To, 2010) to classify different singing styles. The research findings of Dmitriev and Kislev (1979) 
and Titze (1994) were summarized in Table 1 and Table 2 respectively.  
Agren and Sunberg (1976) compared the amplitude of singing formants and singing formant 
frequencies between two singing styles of male singers, tenors and altos. In the study, two tenors and two 
altos were requested to produce five vowels (/a/, /e/, /i/, /O/ and /u/). The productions were compared. 
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Table 1 
Frequency of the low singing formant, frequency of the high singing formant, and the length of the vocal 
tract of different singing styles (Dmitriev, & Kislev, 1979). 
 
Voice type Frequency of the low 
singing formant (Hz) 
Frequency of the high 
singing formant (Hz) 
Length of the vocal 
tract (cm) 
High soprano 760-800 3100-3500 15.3-16.3 
Soprano 700-760 2800-3100 16.8-18.5 
Tenor 600-640 2700-2900 19.0-22.0 
Baritone 540-600 2500-2700 21.5-24.0 
 
Table 2 
Approximate ranges of singing fundamental frequency, F0 of different singing styles (Titze, 1994) 
Singing styles Lower Limit of F0 (Hz) Upper Limit of F0 (Hz)
Soprano 196.0 1174.7 
Mezzo-soprano 164.8 880.0 
Tenor 130.8 523.3 
Baritone 98.0 392.0 
 
The amplitudes of singing formants of altos were higher than those of tenors significantly (Agren & 
Sunberg, 1976). However, only four participants, with two in each type were recruited in this study. The 
sample size in this study was too small to generalize the conclusion to current studies.  
Cleveland (1977) suggested that the pitch of singing formants is strongly related to classification of 
different singing styles. Eight professional singers were recruited. Five selected vowels (/a/, /e/, /i/, /o/, 
/u/) in four pitches (A3, C3, E4, F3) were sung and recorded. Vocal pedagogues were invited to 
distinguish the productions into different male singing styles, tenors, baritones or basses perceptually. On 
the other hand, the productions were analyzed acoustically by finding out the pitches and singing formant 
frequencies. The perceptual and acoustic data were then analyzed together to investigate the possible 
factors in classifying different singing styles. Results showed that pitch contributed the most and 
followed by singing formant frequency. Vocal pedagogues used both factors to classify different singing 
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styles with pitch preceded singing formant frequency. A interesting shortcoming found in this study was, 
as the fundamental frequency of the sounds with the same pitch were similar, vocal pedagogues used 
singing formant frequency as the main factor in classifying different singing styles when sounds with the 
same pitch were produced by tenors, baritones and basses. The descending order of averaged first four 
formant frequencies was tenors, baritones and then basses (Cleveland, 1977). As the configurations of 
vocal tract affect formant frequencies (Titze, 1994), it was suggested that the vocal tract characteristics 
was a possible factor to classify different singing styles. However, this study had only recruited eight 
participants. The sample size was too small. The generalization effect was not convincing. 
Roers et al. (2009) investigated the effects of vocal fold lengths on classification of singing styles. 
X-ray profile was used to investigate the relationship between anatomy of larynx and vocal fold length. 
Forty sopranos, 22 mezzo-sopranos, nine altos, 19 tenors, 23 baritones and 19 basses were recruited. The 
vocal fold length of a hundred and thirty-two singers was measured from the X-way profile directly. It 
was found that the distance between anterior contour of thyroid cartilage and anterior contour of spine; 
the anterior-posterior diameter of subglottis and trachea strongly affect the vocal fold length (Roers et al. 
2009). As different anatomy of larynx affects vocal fold length, Roers et al. suggested that vocal fold 
length was a major factor in classifying singing styles. 
Erickson (2003) stated that timbre transformation was a perceptual parameter to distinguish different 
singing styles. It is a subjective method to classify different singing styles. Each type of voice has a 
unique timbre transformation pattern. Listeners should be able to perceive the differences even the pitch 
and loudness are the same (Erickson, 2003). Two soprano, two mezzo-soprano, 18 inexperienced 
listeners and 12 experienced listeners were recruited. Professional singers were requested to use six 
pitches (A3, C4, G4, B4, F5 and A5) to sing the vowel /a/. All productions were recorded. Listeners had 
to judge the similarity between pairs of recordings. Results showed that timbre transformations were 
associated with different singing styles (Erickson, 2003). However, it was found that subjective 
perceptual judgments were affected significantly by objective technical and mechanical skills. More, 
sample size of singers and listeners were too small. The conclusions could not be generalized. 
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Erikson et al. (2001) suggested that besides timbre transformations, vocal tract lengths and vowel 
formant frequencies, other factor such as vocal tract volume was a possible dimension to classify 
different singing styles. Different singing styles should have unique ranges of vocal tract volume. 
Dmitriev and Kiselev (1979) were the earliest to hypothesize that vocal tract length was correlated to 
singing styles. Twenty Russian professional singers including tenors, baritones, basses, high sopranos, 
sopranos, and mezzo-sopranos were recruited. Their vocal tract lengths were measured laterally by x-ray 
technology. High singing formants and low singing formants were obtained acoustically. The first finding 
was that different singing styles had its own ranges of high singing formant frequency and low singing 
formant frequency (see Table 2). The second one was that vocal tract length was correlated to singing 
styles. Sopranos had shorter vocal tract length than mezzo-sopranos in female singers. Tenors had shorter 
vocal tract length than baritones and then followed by basses in male singers (see Table 2). It was 
proposed that vocal tract length kept constant when professional singers with particular singing styles 
were singing with significant changing articulations and pitches. Professional singers needed to keep the 
vocal tract length within particular ranges in order to sing properly with their singing styles (Dmitriev & 
Kiselev, 1979). After that, the interests and awareness of the correlation between singing styles and vocal 
tract length was raised. There were drawbacks when using x-ray to measure vocal tract dimensions. 
Firstly, x-ray technology could not give three-dimensional images of vocal tract. Vocal tract volume 
could not be measured directly. Secondly, use of x-ray was dangerous because both the examiner and 
participants were exposed to radiation for a longer than normal time. Side effects might be resulted.  
Tsoi (2009) investigated the relationship between different singing styles and vocal tract length, vocal 
tract volume, and vowel formant frequencies. Thirteen sopranos, five mezzo-sopranos, five tenors, five 
baritones were included in the study. Acoustic pharyngometer (ART) was used to measure the 
participants’ vocal tract length and vocal tract volume. The participants were then produced the vowels 
/a/, /i/, /u/, /e/, and /O/, and sang the song “happy birthday” on requests. All productions were recorded. 
Recordings were analyzed by Praat software and vowel formant frequencies were found. The results 
showed that baritones had larger vocal tract volumes than tenors significantly, and sopranos had shorter 
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vocal tract length than mezzo-sopranos significantly. It was also found that higher singing voices had 
higher formant frequencies in both genders. These findings indicated that vocal tract volume, vocal tract 
length and vowel formant frequency are parameters in classifying singing styles (Tsoi, 2009). However, 
other differences in vocal tract dimensions were not significant within each gender. Small sample size 
might be one of the limitations. Therefore, results could not be generalized to the entire population.  
Another research of To (2010) further investigated the relationship between different singing styles and 
vocal tract length, vocal tract volume, and vowel formant frequencies. Similar procedures as Tsoi (2009) 
were used but with a larger sample size. Twenty-five sopranos, 11 mezzo-sopranos, 17 tenors and 12 
baritones were recruited. Vocal tract dimensions and vowel formant frequencies were measured by ART 
and Praat respectively. Results showed that the oral volumes and total vocal tract volumes of baritones 
were larger than those of tenors significantly. The vowel formant frequencies of sopranos were higher 
than those of mezzo-sopranos significantly. It is concluded that vocal tract volumes and vowel formant 
frequencies were both correlated to different singing styles (To, 2010). However, other vocal tract 
dimensions such as oral length and vocal tract length showed no significant differences. One of the 
research limitations might be small sample size again, though the sample size was already larger that the 
research done by Tsoi (2009). Therefore, the generalization effect was not strong.  
The above researches suggested that classification of singing styles are affected by vocal tract 
dimensions (length and volume) and vowel formant frequencies.  
Previous researches used X-ray (Dmitriev & Kiselev, 1979; Roers et al. 2009; Sundberg, 1982) and 
acoustic pharyngometer (ART) technique (Tsoi, 2009; To, 2010; Xue & Hao, 2006) to measure vocal 
tract dimensions. When using X-ray to measure the vocal tract dimensions, radiations were involved. 
This might put the participants and examiners at risks. Also, X-ray measures could only give 
2-dimensional images. Vocal tract volume could not be measured. Therefore, x-ray was not used in this 
study because vocal tract volume was one of the important data in current research. 
ART is a diagnostic device for upper airway diseases such as obstructive sleep apnea (Xue & Hao, 
2006). It is widely used to diagnose diseases caused by abnormal dimensional characteristics in oral, 
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nasal and pharyngeal cavity (Xue, Hao & Mayo, 2006). When using ART, acoustic signal is generated 
from the wave tube. It is then transmitted to the testing cavity through the mouth piece. Next, the signal 
will be reflected from that cavity to the receiver. Graphs with cross-sectional area versus distance curves 
will be showed on the computer screen. The curves indicate the cross-sectional area of vocal tract from 
the lips to the glottis (Xue & Hao, 2006). By comparing the amplitudes of incident and reflected waves of 
the curves, vocal tract dimensions (pharyngeal volume, oral volume, vocal tract volume, pharyngeal 
length, oral length and vocal tract lengths) will be obtained directly (Jung & Cho, 2004). More, according 
to the research results of Erickson (2003), objective measuring methods were better choices than 
subjective measuring methods. ART was chosen to measure the vocal tract dimensions in this study 
because this technique was objective, cheap, easy to handle, non-invasive, not harmful and able to give 
clear 3-dimensional images of vocal tract (Xue & Hao, 2006).  
The objective of this study was to further investigate and confirm the relationship between different 
singing styles and the six vocal tract dimensions (total vocal tract length, oral length, pharyngeal length, 
total vocal tract volume, oral volume and pharyngeal volume) and vowel formant frequencies. It was 
hypothesized that higher singing styles have shorter vocal tract lengths, smaller vocal tract volumes amd 
higher vowel formant frequencies than those of lower singing styles. 
This research were conducted with procedures similar to Tsoi (2009) and To (2010) but with a larger 
sample size in each singing style (sopranos, mezzo-sopranos, tenors and baritones). It was hoped that the 
research findings could provide confirmatory insight on the objective singing voice classification method. 
Method 
Participants 
One hundred and seven singers were invited to be the participants in this research. There were 57 
female singers, which consisted of 32 sopranos and 25 mezzo-sopranos; and 55 male singers, which 
consisted of 27 tenors and 23 baritones. Seventy participants were recruited from the Choir of Simon K.Y. 
Lee Hall in the University of Hong Kong (HKU). Twenty-three participants were recruited from Opera 
Hong Kong (OHK) Chorus. Their singing styles were confirmed by the chorus master of OHK Chorus, 
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who has experiences in being a soloist for more than 30 years. Four participants were recruited from 
Hong Kong Youth Choir (HKYC). Their singing styles were confirmed by the music director of HKYC, 
who got Master of Music in Choral Conducting. Ten active professional soloists were also recruited from 
the Opera Society of Hong Kong.  
Ages of participants were ranged from 18 to 50 years old. Participants were not allowed to participate 
in this research if he/she has medical history of speech and/or language disorders, craniofacial 
abnormalities, hearing impairment and/or medical condition (e.g. cold, flu, etc) that would affect his/her 
singing qualities during the testing time. All participants were requested to fill in a form concerning their 
basic information including name, age, gender, height, weight, type of singing voice, year of training and 
medical history within one month. Also, participants need to pass a bilateral hearing screening test at 
25dB at 250Hz, 500Hz, 1000Hz, 2000Hz and 4000Hz using pure tone audiometer. The recording form of 
participants’ basic information was shown in table 3. The descriptive data of participants’ age, height and 
weight were summarized in table 4. 
Measures 
Acoustic pharyngometry (ART) (Eccovision Acoustic Pharyngometer; Sleep Group Solutions, Florida, 
USA) was used in this study to measure the six vocal tract dimensions (pharyngeal volume, oral volume, 
vocal tract volume, pharyngeal length, oral length and vocal tract length) of the recruited professional 
singers. ART is an objective measuring device applying the mechanism of sound wave reflection within 
vocal tracts, from oral cavities down to pharyngeal cavities and then end at the base of glottis. A 
mouthpiece was attached to a wave tube and then to a signal generator. When an acoustic signal was 
emitted from the generator, it was partially reflected by certain constricted point along the vocal tract. 
The reflected wave portion was then perceived by a microphone attached to the wave tube. The 
amplitudes and arrival times of reflected signal was analyzed and interpreted by the analyzer of ART.     
The setup of ART was shown in Figure 1 (Eccovision Acoustic Pharyngometer Quick Setup Guide; 
Sleep Group Solutions, Florida, USA). A cross-sectional area versus distance graph was obtained on the 
monitor. The cross-sectional area versus distance graph showed the cross-sectional area along the vocal 
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tract from lips to the base of glottis. By comparing the cross-sectional area-distance curves of 
mouth-breathing and nose-breathing, the oral pharyngeal junction (OPJ) was found (Kamal, 2001, 2003; 
Xue et al., 2006). After that, the six vocal tract dimensions were read from the computer screen directly. 
Samples of cross-sectional area-distance curves of mouth-breathing and nose-breathing were shown in 
Figure 2 and Figure 3 respectively (Eccovision Acoustic Pharyngometer Quick Setup Guide; Sleep 
Group Solutions, Florida, USA). 
 
 
Figure 1. The setup of Acoustic pharyngometry (ART) 
Figure 2. Sample of cross-sectional area-distance   Figure 3. Sample of cross-sectional area-distance      
curves of mouth-breathing                      curves of nose-breathing
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Table 3 
Information recording form for participants 
Name  
Age (yrs old)  
Gender  
Height (cm)  
Weight (kg)  
Type of singing voice  
Year of training (yrs)  
Medical conditions within one month  
 
Table 4 
Mean, standard deviations and ranges of the participants’ age, height and weight 
 Tenors  
(n=27) 
Baritones 
 (n=23) 
Sopranos 
 (n=32) 
Mezzo-sopranos 
(n=25) 
Age (yrs old) 
Mean 24.63 23.65 23.56 25.24 
SD 8.46 8.99 4.52 9.63 
Range 19-55 19-62 19-34 19-53 
Height (cm) 
Mean  171.19 173.00 160.18 162.37 
SD 7.98 5.99 6.89 6.53 
Range 153-188 163-188 150-176 150-176 
Weight (kg) 
Mean  67.77 65.04 52.27 51.32 
SD 15.48 6.72 7.59 6.07 
Range 47-125 54-76 40-69 42-67 
 
ART is a non-invasive, objective and precise measurement device which will not produce any risks. 
When compared with X-ray, magnetic resonance imaging (MRI) and computed tomography scan (CT 
scan), ART measurements are easy to handle, time-saving and safe with no radiations and side effects 
(Eckmann, Glassenberg & Gavriety, 1996). Furthermore, the measurements of ART were coincided with 
those of X-ray (Roers et al., 2009; Sundberg, 1982), MRI (Corey, Gungor, Nelson, Fredberg & Lai, 1997; 
Dang, Honda & Suzuki, 1994) and CT scan (Min & Jiang, 1995) in current researches. Therefore, the 
reliability of ART measurements was confirmed. 
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Procedures 
At the beginning, basic information of the participants was obtained. Then, bilateral hearing screening 
test at 25dB at 250Hz, 500Hz, 1000Hz, 2000Hz and 4000Hz using pure tone audiometer was conducted 
in the band room of Simon K.Y. Lee Hall. After that, the six vocal tract dimensions were measured by 
ART. Participants were asked to sit upright on a straight-backed chair facing straight ahead during 
data-recording. The mouthpiece which connected to the control unit of ART was held by mouths of 
participants. Each participant was instructed to mentally produce the vowel /a/ and breath out air from 
his/her mouth. A cross-sectional area versus distance curve of mouth-breathing was showed accordingly. 
The curve showed the cross-sectional area of vocal tract along the path of vocal tract (from the lips to the 
glottis). Three measurements were taken on each participant. After that, participants were instructed to 
breath out air from his/her nose. Cross-sectional area-distance curve of nose-breathing was obtained.  
The vowel formant frequencies of participants were obtained from their speech sounds and singing 
voices. The participants were instructed to produce the vowels (/a/, /e/, /i/, /O/ and /u/) and sang the first 
sentence of the song “happy birthday to you” with his/her respective singing styles. Any vocal register 
adjustments such as vibrato were prohibited. These measurements were the data for analyzing speech 
sounds and singing voices respectively. All productions were recorded by Olympus WS-200S stereo 
voice recorder. All recordings were analyzed by Praat software with a sampling rate of 48kHz. 
Statistical analysis 
From the three cross-sectional area-distance curves of mouth-breathing, one of them was selected for 
analyzing vocal tract dimensions. The choosing criteria are as follow: 1. The oral pharyngeal junction 
(OPJ) of the mouth -breathing curve and the nose-breathing curve should be the best matched. 2. The 
amplitude of fluctuation due to air-flow should be the smallest (Xue & Hao, 2006). The selected curve 
was then divided into two regions: oral region (from the incisors to the anterior edge of OPJ) and 
pharyngeal region (from OPJ to the opening of glottis) (Xue et al., 2006). The six vocal tract dimensions 
including oral length, oral volume, pharyngeal length, pharyngeal volume, vocal tract length and vocal 
tract volume were obtained from the selected curves (Jung & Cho, 2004). The means and standard 
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deviations of the six vocal tract dimensions were calculated. Mann-Whiney U test was used to compare 
the results in each gender, which were tenors versus baritones and sopranos versus mezzo-sopranos. 
Different singing styles were used as independent variables. The six vocal tract dimensions (oral length, 
pharyngeal length, total vocal tract length, oral volume, pharyngeal volume and total vocal tract volume) 
were used as dependent variables. The significant level of the Mann-Whiney U test was set as 0.05. 
The speech sounds and singing voices were analyzed by Praat software. The vowel /a/ among the five 
vowels /a/, /e/, /i/, /O/ and /u/ from the participants’ speech sounds was chosen and analyzed. The vowel 
/e/, /i/ and /u/ were obtained from the participants’ singing voice. The vowel /e/ was obtained from the 
first vowel of the word “happy”, the vowel /i/ was obtained from the second vowel of the same word and 
the vowel /u/ was obtained from the word “you”. For all of the chosen vowels, the first three vowel 
formant frequencies, F1, F2 and F3 were obtained by Praat software. The mean and standard deviations 
of the first three vowel formant frequencies and the averaged first three vowel formant frequencies were 
calculated. Mann-Whiney U test (Maxwell & Satake, 1997) was used to compare the mean and standard 
deviations of the first three vowel formant frequencies and the averaged first three formant frequencies in 
different singing styles of each gender. Different singing styles were used as independent variables. The 
first three vowel formant frequencies, F1, F2 and F3 and the averaged first three vowel formant 
frequencies of each selected vowel were used as dependent variables. The significant level of the 
Mann-Whiney U test was set as 0.05. 
 
Reliability measures 
Twenty participants with 5 in each group were selected for measuring intra-rater reliability. The six 
vocal tract dimensions of selected twenty participants were measured one more time by ART. Absolute 
differences between the first time measurements and the second time measurements were obtained 
(Kamal, 2004). The Spearman correlation coefficients was calculated with p<0.01 (Schiavetti, & Metz, 
2006). The descriptive data and statistical results were summarized in Table 5. Results showed that the 
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first time measurements and the second time measurements for all six vocal tract dimensions were not 
different significantly with p < 0.01.    
Hypothesis 
It was hypothesized that vocal tract dimensions in terms of length and volume changes with different 
singing styles: the shorter the vocal tract lengths, the higher the singing styles. reversely, the smaller the 
vocal tract volumes, the higher the singing styles. 
The first three vowel formant frequencies and the averaged first three vowel formant frequencies were 
hypothesized to increase with higher singing styles. That is, the first three vowel formant frequencies and 
the averaged first three vowel formant frequencies of tenors will be higher than those of baritones in male 
singers; the first three vowel formant frequencies and the averaged first three vowel formant frequencies 
of sopranos will be higher than those of mezzo-sopranos in female singers. 
 
Table 5 
Intra-rater reliability of the six vocal tract dimensions 
Vocal tract 
dimensions 
First time 
measurement 
Second time 
measurement 
Absolute 
difference 
Spearman correlation 
coefficients (p<0.01) 
OL (cm) 9.86 9.81 0.05 0.967 
PL (cm) 8.09 8.08 0.01 0.927 
TL (cm) 17.95 17.96 0.01 0.948 
OV (ml) 52.99 52.96 0.03 0.995 
PV (ml) 22.77 22.31 0.46 0.956 
TV (ml) 75.76 75.71 0.05 0.994 
Key: OL: Oral length, PL: Pharyngeal length, TL: Total vocal tract length, OV: Oral volume, PV: 
Pharyngeal volume, TV: Total vocal tract volume 
Expected outcomes 
It was expected that there were association between the six vocal tract dimensions and singing styles; 
vowel formant frequencies and singing styles. To be more specific, higher singing styles were expected 
to associate with shorter oral length, pharyngeal length and total vocal tract lengths; smaller oral volume, 
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pharyngeal volume and total vocal tract volumes; higher vowel formant frequencies than those of lower 
singing styles. 
Results 
Vocal tract dimensions 
One of the three cross-sectional area-distance curves of mouth-breathing in each participant were 
chosen by the two criteria stated above. The cross-sectional area-distance curves of mouth-breathing with 
the best matched oral pharyngeal junction (OPJ) with the nose-breathing curve and smallest fluctuation of 
amplitude were chosen and analyzed (Xue & Hao, 2006). The oral lengths and oral volumes were 
obtained from the oral regions of the selected curves (from the incisors to the anterior edge of OPJ); the 
pharyngeal lengths and pharyngeal volumes were obtained from the pharyngeal regions (from OPJ to the 
opening of glottis); the vocal tract lengths were the summation of oral lengths and pharyngeal lengths; the 
vocal tract volumes were the summation of oral volumes and pharyngeal volumes (Xue et al., 2006; Jung 
& Cho, 2004). The descriptive data (mean and standard deviations) of the six vocal tract dimensions were 
calculated and summarized in Table 6. 
 
Table 6 
Mean and standard deviations of the participants’ six vocal tract dimensions 
 Singing styles 
Vocal tract 
dimensions 
Tenors 
 (n=27) 
Baritones 
(n=23) 
Sopranos 
(n=32) 
Mezzo-sopranos 
(n=25) 
Mean  SD Mean SD Mean SD Mean  SD 
OL (cm) 9.87 1.07 9.90 1.51 9.35 0.97 10.07 1.03 
PL (cm) 8.64 1.55 8.11 1.53 7.58 1.18 7.64 1.29 
TL (cm) 18.51 1.45 18.01 1.09 16.94 0.83 17.71 1.00 
OV (ml) 51.78 12.23 56.03 17.78 47.15 9.40 53.18 9.72 
PV (ml) 25.73 8.13 25.40 7.37 19.43 5.15 19.28 4.38 
TV (ml) 77.51 15.67 81.43 16.20 66.58 9.95 72.87 10.81 
Key: OL: Oral length, PL: Pharyngeal length, TL: Total vocal tract length, OV: Oral volume, PV: 
Pharyngeal volume, TV: Total vocal tract volume 
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Mann-Whiney U test was used to compare the results in each gender, which are tenors versus baritones 
and sopranos versus mezzo-sopranos. Different singing styles and the six vocal tract dimensions were 
used as independent variables and dependent variables respectively. The significant level was set as 0.05. 
Figure 4 showed the mean values of the six individual vocal tract dimensions in female singers with 
different singing styles. Figure 5 showed the mean values of the six individual vocal tract dimensions in 
male singers with different singing styles. Confidence interval was set as 95%. 
 
Figure 4. The mean values of the six individual vocal tract dimensions in female singers with different 
singing styles. OL: Oral length, PL: Pharyngeal length, TL: Total vocal tract length, OV: Oral volume, 
PV: Pharyngeal volume, TV: Total vocal tract volume, S: Sopranos, M: Mezzo-sopranos. 
 
Figure 5. The mean values of the six individual vocal tract dimensions in male singers with different 
singing styles. OL: Oral length, PL: Pharyngeal length, TL: Total vocal tract length, OV: Oral volume, 
PV: Pharyngeal volume, TV: Total vocal tract volume, T: Tenors, B: Baritones. 
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As shown in Figure 4, for female singers, significant differences were shown between sopranos and 
mezzo-sopranos in oral length (U = 229.00, z = -2.753, p = 0.006), total vocal tract length (U = 215.00, z 
= -2.978, p = 0.003), oral volume (U = 247.00, z = -2.460, p = 0.014) and total vocal tract volume (U = 
248.00, z = -2.444, p = 0.015). The statistical results showed that higher singing voice style (sopranos) 
had shorter oral length and total vocal tract length, smaller oral volume and total vocal tract volume than 
lower singing voice style (mezzo-sopranos) significantly. No significant differences were found in 
pharyngeal length (U = 396.00, z = -0.064, p = 0.949) and pharyngeal volume (U = 385.00, z = -0.241, p 
= 0.809) in female singers.  
As shown in Figure 5, for male singers, no significant differences were found between higher singing 
style (tenors) and lower singing style (baritones) in all of the six vocal tract dimensions, which were oral 
length (U = 284.50, z = -0.507, p = 0.612), pharyngeal length (U = 245.50, z = -1.266, p = 0.205), total 
vocal tract length (U = 228.50, z = -1.597, p = 0.110), oral volume (U = 261.00, z = -0.964, p = 0.335), 
pharyngeal volume (U = 304.00, z = -0.127, p = 0.899) and total vocal tract volume (U = 270.00, z = 
-0.788, p = 0.430). 
First three formant frequencies 
The vowel /a/ from speech sounds and the vowel /e/, /i/ and /u/ from singing voices were selected and 
analyzed by Praat software. The first three vowel formant frequencies, F1, F2 and F3 were obtained from 
the selected vowels. The mean and standard deviations of the first three vowel formant frequencies and 
the averaged first three vowel formant frequencies were calculated. The descriptive data (mean and 
standard deviations) of the first three vowel formant frequencies and the averaged first three vowel 
formant frequencies were calculated and summarized in Table 7 and Table 8 respectively. 
Mann-Whiney U test was used to compare the descriptive data obtained from different singing styles 
of each gender (between sopranos and mezzo-sopranos in female singers; between tenors and baritones in 
male singers). Different singing styles were used as independent variables. The first three vowel formant 
frequencies, F1, F2 and F3 and the averaged first three vowel formant frequencies of each selected vowel 
were used as dependent variables. The significant level was set as 0.05. 
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For the first three vowel formant frequencies of female singers, significant differences were shown 
between sopranos and mezzo-sopranos in F3 of vowel /a/ (U = 157.00, z = -3.908, p = 0.000), F2 of 
vowel /e/ (U = 111.50, z = -4.640, p = 0.000), F3 of vowel /e/ (U = 52.00, z = -5.596, p = 0.000), F3 of 
vowel /i/ (U = 170.00, z = -3.699, p = 0.000) and F2 of vowel /u/ (U = 41.00, z = -5.773, p = 0.000). The 
statistical results shown that higher singing styles (sopranos) had significantly higher F3 of vowel /a/, F2 
and F3 of vowel /e/, F3 of vowel /i/ and F2 of vowel /u/ than lower singing style (mezzo-sopranos). 
Table 7 
Mean and standard deviations of the participants’ first three formant frequencies of the four vowels, /a/, 
/e/, /i/ and /u/. 
 Singing styles 
Vowels and 
formant 
frequencies 
Tenors  
(n=27) 
Baritones  
(n=23) 
Sopranos  
(n=32) 
Mezzo-sopranos 
(n=25) 
Mean  SD Mean  SD Mean  SD Mean  SD 
/a/ 
F1 (Hz) 698.82 90.69 698.93 74.52 885.54 107.47 906.43 122.84 
F2 (Hz) 1206.35 119.89 1208.37 101.76 1481.38 122.41 1420.56 189.51 
F3 (Hz) 2650.85 220.25 2669.62 189.42 3126.16 161.53 2941.93 155.71 
/e/ 
F1 (Hz) 585.80 109.54 598.65 79.27 749.52 113.96 789.96 112.63 
F2 (Hz) 1655.82 153.69 1658.17 121.03 1883.31 123.36 1717.72 79.39 
F3 (Hz) 2496.97 150.15 2458.69 110.69 3025.36 141.51 2557.05 202.72 
/i/ 
F1 (Hz) 366.14 68.27 396.74 68.66 452.02 89.18 469.47 102.08 
F2 (Hz) 1962.86 179.36 1996.68 121.42 2113.03 223.99 1991.37 211.84 
F3 (Hz) 2578.17 171.29 2585.81 139. 65 2885.35 174.74 2732.24 122.92 
/u/ 
F1 (Hz) 425.75 111.94 442.76 87.55 471.66 94.17 496.37 114.12 
F2 (Hz) 1250.90 334.62 1241.86 529.19 1905.14 209.95 1208.99 282.88 
F3 (Hz) 2550.45 227.30 2489.27 184.05 2960.10 209.10 2901.65 218.82 
Keys: F1: First formant frequency, F2: Second formant frequency, F3: Third formant frequency 
No significant differences were found in F1 of vowel /a/ (U = 342.00, z = -0.933, p = 0.351), F2 of 
vowel /a/ (U = 361.00, z = -0.627, p = 0.531), F1 of vowel /e/ (U = 297.50, z = -1.648, p = 0.099), F1 of 
vowel /i/ (U = 347.50, z = -0.844, p = 0.399), F2 of vowel /i/ (U = 285.00, z = -1.849, p = 0.064), F1 of 
vowel /u/ (U = 353.50, z = -0.748, p = 0.455) and F3 of vowel /u/ (U = 334.00, z = -1.061, p = 0.289) in 
female singers. Although only F3 of vowel /a/, F2 and F3 of vowel /e/, F3 of vowel /i/ and F2 of vowel 
/u/ were shown to have significant differences, the mean values of the individual first three vowel 
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formant frequencies of the four vowels in higher singing style (sopranos) were generally higher than 
those of lower singing style (mezzo-sopranos).  
 
Table 8  
Mean and standard deviations of the participants’ averaged first three vowel formant frequencies of the 
four vowels, /a/, /e/, /i/ and /u/. 
 Singing styles 
Vowels Tenors  
(n=27) 
Baritones  
(n=23) 
Sopranos  
(n=32) 
Mezzo-sopranos 
(n=25) 
Mean  SD Mean  SD Mean  SD Mean  SD 
/a/ (Hz) 1518.67 75.01 1525.64 63.07 1831.03 90.87 1756.31  105.89 
/e/ (Hz) 1579.53 75.35 1571.84 66.59 1886.06 73.48 1688.24 70.98 
/i/ (Hz) 1635.72 98.55 1649.74 69.72 1816.80 108.46 1731.03 91.32 
/u/ (Hz) 1409.03 187.62 1391.29 234.98 1778.97 132.75 1535.67 94.71 
 
For the averaged first three vowel formant frequencies of female singers, significant differences were 
shown in all of the four vowels between sopranos and mezzo-sopranos, which were vowel /a/ (U = 
257.00, z = -2.300, p = 0.021), vowel /e/ (U = 28.00, z = -5.982, p = 0.000), vowel /i/ (U = 217.00, z = 
-2.943, p = 0.003) and vowel /u/ (U = 67.00, z = -5.355, p = 0.000). The statistical results shown that 
higher singing style (sopranos) had higher averaged first three vowel formant frequencies than those of 
lower singing style (mezzo-sopranos) significantly. 
For the first three vowel formant frequencies of male singers, no significant differences were found 
between higher singing style (tenors) and lower singing style (baritones) in all of the four vowels, which 
were F1 of vowel /a/ (U = 305.50, z = -0.097, p = 0.922), F2 of vowel /a/ (U = 307.00, z = -0.068, p = 
0.946), F3 of vowel /a/ (U = 302.00, z = -0.165, p = 0.869), F1 of vowel /e/ (U = 308.00, z = -0.049, p = 
0.961), F2 of vowel /e/ (U = 310.00, z = -0.010, p = 0.992), F3 of vowel /e/ (U = 265.00, z = -0.886, p = 
0.376), F1 of vowel /i/ (U = 230.00, z = -1.567, p = 0.117), F2 of vowel /i/ (U = 282.00, z = -0.555, p = 
0.579), F3 of vowel /i/ (U = 294.00, z = -0.321, p = 0.748), F1 of vowel /u/ (U = 277.50, z = -0.642, p = 
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0.521), F2 of vowel /u/ (U = 211.00, z = -1.937, p = 0.053) and F3 of vowel /u/ (U = 226.00, z = -1.645, p 
= 0.100).  
For the averaged first three vowel formant frequencies of male singers, no significant differences were 
found between higher singing style (tenors) and lower singing style (baritones) in all of the four vowels, 
which were vowel /a/ (U = 310.00, z = -0.010, p = 0.992), vowel /e/ (U = 277.00, z = -0.652, p = 0.514), 
vowel /i/ (U = 272.00, z = -0.749, p = 0.454) and vowel /u/ (U = 226.00, z = -1.645, p = 0.100). 
Discussion 
Two main findings were shown in this study. First, in female singers, sopranos had significantly 
shorter oral length and total vocal tract length, smaller oral volume and total vocal tract volume than 
mezzo-sopranos. Second, in female singers, sopranos had generally higher first three vowel formant 
frequencies and averaged first three vowel formant frequencies than mezzo-sopranos. 
As suggested by Dmitriev and Kiselev (1979), the vocal tract lengths and vowel formant frequencies 
were correlated (see table 2). This finding was supported by Tsoi (2009) and To (2010). Higher singing 
voice such as sopranos and tenors should have short vocal tract lengths and higher vowel formant 
frequencies than lower singing voice such as mezzo-sopranos and baritones. Furthermore, Titze (1994) 
found that ranges of singing fundamental frequencies were also correlated to singing styles (see Table 1). 
Singers could be classified into different singing styles by their ranges of singing fundamental 
frequencies. From the results of this study, vowel formant frequencies and four vocal tract dimensions, 
oral length, total vocal tract length, oral volume and total vocal tract volume were related to the 
classification of singing styles. This finding was matched with the research results of Dmitriev and 
Kiselev (1979) and Titze (1994).  
Dmitriev and Kiselev (1979) suggested that, for female singers, sopranos have shorter vocal tract 
length and higher vowel formant frequencies than mezzo-sopranos. In this study, sopranos had 
significantly shorter oral length and total vocal tract length than those of mezzo-sopranos. Also, sopranos 
had significantly higher first three vowel formant frequencies and averaged first three vowel formant 
frequencies than mezzo-sopranos generally. For male singers, tenors have shorter vocal tract length and 
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higher vowel formant frequencies than those of baritones (Dmitriev & Kiselev, 1979). However, in the 
current study, no significant differences were shown between tenors and baritones in comparing oral 
length, pharyngeal length and total vocal tract length. Also, no significant differences were found 
between tenors and baritones in comparing first three vowel formant frequencies and averaged first three 
vowel formant frequencies. 
The two main findings of the current study support the findings of Dmitriev and Kiselev (1979) in 
female singers but not in male singers. As a result, current study further confirmed the correlation 
between vocal tract length and vowel formant frequencies in female singers. Higher singing style in 
female singers (sopranos) has shorter vocal tract length and higher vowel formant frequencies than those 
of lower singing style in female singers (mezzo-sopranos) (Dmitriev & Kiselev, 1979). 
Cleveland (1977) suggested that pitch contributed the most and then followed by singing vowel 
formant frequencies in classifying different singing styles. However, as the fundamental frequencies of 
the sounds with the same pitch were similar, vocal pedagogues used singing formant frequencies as the 
main factor in classifying different singing styles when sounds with the same pitch were produced.            
Cleveland (1977) also found that the averaged first four formant frequencies of tenors were higher than 
baritones and then followed by basses. It was thus suggested that classification of singing styles were 
affected by formant frequencies characteristics. The higher the averaged first four formant frequencies, 
the higher the singing styles. In current study, the statistical results showed that higher singing style 
(sopranos) had higher averaged first three vowel formant frequencies than those of lower singing style 
(mezzo-sopranos) significantly. This finding was not matched with the finding of Cleveland (1977) in 
male singers but in female singers. The results suggested the correlations between classification of 
singing styles in female and singing vowel formant frequencies. 
Although Titze (1994) found that ranges of singing fundamental frequencies were correlated to singing 
styles, the ranges of fundamental frequency were overlapped. With reference to table 1, for soprano and 
mezzo-soprano, the ranges were from 196.0 to 1174.7 and from 164.8 to 880.0 respectively; for tenors 
and baritones, the ranges were from 130.8 to 523.3 and from 98.0 to 392.0 respectively. On the other 
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hand, although Dmitriev and Kiselev (1979) found that higher singing styles were related with shorter 
vocal tract length and higher vowel formants frequencies, the ranges of vocal tract lengths and ranges of 
vowel formants frequencies were overlapped too. With reference to table 2, for soprano and 
mezzo-soprano, the ranges of vocal tract lengths were from 16.8 to 18.5 and from 16.7 to 18.3 
respectively; for tenors and baritones, the ranges of vocal tract lengths were from 19.0 to 22.0 and from 
21.5 to 24.0 respectively. Singers with similar ranges of vowel formants frequencies and vocal tract 
lengths were possible to be classified into different styles of singing voice. Therefore, the classification of 
singing styles by the ranges of vocal tract lengths and ranges of vowel formants frequencies were not 
convincing. Other factors might contribute to the classification of singing styles. Other than timbre 
transformation, vocal tract length and vowel formant frequency, it was suggested that vocal tract volume 
might be another factor to classify different singing styles (Erikson et al., 2001; Tsoi, 2009; To, 2010). 
Particular singing style should have its unique range of vocal tract volume. Higher singing styles were 
suggested to have smaller oral volume, pharyngeal volume and total vocal tract volume than lower 
singing styles (Erikson et al., 2001). Tsoi (2009) found that tenors had smaller total vocal tract volume 
than baritones significantly. To (2010) found that tenors had smaller oral volume and total vocal tract 
volume than baritones significantly.  
In this study, vocal tract volume of different singing styles was another vocal tract dimensions to be 
investigated. For female singers, results showed that higher singing style (sopranos) had smaller oral 
volume and total vocal tract volume than those of lower singing style (mezzo-sopranos) significantly. 
However, no significant differences were shown in male singers (tenors versus baritones) in comparing 
oral volume, pharyngeal volume, and total vocal tract volume. The results of current study were matched 
with the suggestion of Erikson et al. (2001). Higher singing styles have smaller oral volume and total 
vocal tract volume than those of lower singing styles. However, the results were not consistent with the 
findings of Tsoi (2009) and To (2010). The same phenomenon was shown in female singers but not male 
singers. Further investigation is needed to confirm whether this significance is related to different 
genders.  
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Other than vocal tract lengths and vocal tract volumes, the movements of articulators such as lips, 
tongue and soft palate would also affect the vowel formant frequencies, and in turn affects the 
classification of singing styles. When a singing note was aimed, articulators and vocal tracts of singers 
need to change continuously to achieve the aimed note (Titze, 2003). For example, when producing 
vowels, tongue height and tongue advancement were correlated to F1 and F2 respectively. Lowering the 
tongue will increase F1 and advancing it will increase F2 (Raphael, Borden & Harris, 2003). 
In recent years, several researches (Larsson & Hertegard, 2008; Roers et al., 2009) suggested that other 
vocal tract dimensions such as vocal fold length was correlated to the classification of singing styles. 
Roers et al. found that different anatomy of larynx affects vocal fold length and classification of singing 
styles. Therefore, vocal fold length contributed to the classification of singing styles. Larsson & 
Hertegard (2008) suggested that lower singing styles had shorter vocal folds length and smaller vocal 
fold width than those of higher singing styles significantly. Therefore, it was suggested that in addition to 
vocal tract length and vocal tract volume, other vocal tract dimensions such as vocal fold length and 
vocal fold width might contribute to the classification of singing styles. 
In this study, certain limitations which affect the research accuracy should be addressed. First, the 
participants were recruited from four different organizations, named the Choir of Simon K.Y. Lee Hall in 
HKU, Opera Hong Kong (OHK) Chorus, Hong Kong Youth Choir (HKYC) and the Opera Society of 
Hong Kong. Although the singing styles of the participants were confirmed by vocal professionals such 
as music directors who were experienced, different people should have different perceptual judgments. 
Therefore, the classification rationales of singing styles were not the same in this study. Professional 
singers might be classified into different styles of singing voice by different vocal type judges. The 
accuracy of the results was then decreased. Second, the participants were recruited from different 
organizations and received different teaching methods for singing. Their singing standards and qualities 
should have discrepancies within the same type of singing style. The accuracy of the results might be 
decreased too. Third, the participants were not allowed to phonate when having ART measures. Errors 
would be shown if the participants had phonated. As stated before, professional singers with the same 
Vocal Tract Dimensions     24 
 
 
singing style should have similar vocal tract configurations when singing (Erikson et al., 2001). Singers 
were trained to change and move the articulators into specific configurations and positions when certain 
vowels and consonants were aimed. Therefore, measuring vocal tract dimensions using ART might not 
be appropriated as phonations were not allowed. Other measuring devices that allow phonations during 
vocal tract dimension measures should be used instead.  
To further investigate the relationship between vocal tract dimensional characteristics of professional 
singers and different singing styles, similar procedures should be conducted. However, subject recruiting 
method, number of vocal tract dimensions to be measured, measuring device and statistical analyzing 
method should be changed to increase the study validity. For subject recruiting method, participants 
should be recruited from the same organization. The singing styles should be classified by one single 
vocal professional only. The intra- and inter-rater reliability should be checked by requesting the same 
vocal professional to classify the participants once more and invite another vocal professional to classify 
the participants respectively. For number of vocal tract dimensions to be measured, more vocal tract 
dimensions such as vocal fold length (Roers et al., 2009) and vocal fold width (Larsson & Hertegard, 
2008) can be measured to further investigate the relationship between different vocal tract dimensions 
and classification of singing styles. For changing the measuring device, electromagnetic articulography 
(EMA) is suggested. EMA is a non-invasive device that can measure articulatory movements with 
phonation simultaneously (Horn et al., 1997). With the data from the sensors which attached to the 
articulators, vocal tract dimensions can be measured directly (Kaburagi, Wakamiya, & Honda, 2005). For 
statistical analysis, ANOVA can be used instead to find out whether interaction effects are present 
between independent variables such as vocal tract length and vocal tract volume in addition to main 
effects (Shaughnessy & Zechmeister, 2003). With the above adjustments in current research method, 
future studies with higher validity are expected.  
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Appendix 
同意書 
Informed Consent Form 
 
聲道的三維特徵與專業歌手演唱不同聲部的關係 
Vocal Tract Dimensional Characteristics of Professional Singers with  
Different Singing Styles 
 
香港大學言語及聽覺科學系邀請您參與由薛史蒂夫教授，和科研助理莫嘉文同學主理的研究調查。 
You are invited to participate in a research study conducted by Dr. Xue An and his research assistant, Ms 
Mok Ka Man, Moka, in the Division of Speech & Hearing Sciences at the University of Hong Kong. 
 
研究目的 PURPOSE OF THE STUDY 
本研究的目的就是要進一步研究不同聲部的歌聲和其相應的聲道參數(即口腔長度, 口腔體積, 咽
腔長度, 咽腔體積, 等等和基本頻率之間的關係。 
The purpose of this study is to further study the relationship between different singing styles and their 
corresponding vocal tract dimensions (i.e. oral length, oral volume, pharyngeal length, pharyngeal 
volume and fundamental frequency). 
 
程序 PROCEDURES 
歌手的聲道參數會acoustic pharyngometry (ART)用來量度，參加者將要說出特定的字句，過程將會
被錄音作研究之用。整個測試大概十分鐘左右，非常快速。 
Participants will be request to produce a few words in the test, acoustic pharyngometry (ART) will be 
used to measure the performance. Data will be audio-recorded for research purposes. The whole test will 
be last for about ten minutes only. 
 
潛在的風險 POTENTIAL RISKS/DISCOMFORTS AND THEIR MINIMIZATION 
Acoustic pharyngometry (ART)是一種非侵入性的量度裝置，不會產生任何風險。 
Acoustic pharyngometry (ART) is a non-invasive measurement device which will not produce any risk. 
 
研究得益 POTENTIAL BENEFITS 
你所提供的數據將為研究人類聲道及聲部的關係提供寶貴的資料。 
The data you gave will provide valuable information to study the relationship between vocal tract 
dimensional characteristics and different singing styles. 
私隱保密 CONFIDENTIALITY 
所有獲得的資料將僅用於研究。在報告研究結果時，參加者的名字將被替換為代碼。只有主要研
究者，莫嘉文同學，和她的導師，薛史蒂夫教授，才能知道研究的資料。  
All information obtained will be used for research only. Name of participants will be replaced by code 
when reporting. Only the Project Manager, Dr. Xue An and research assistant Ms Mok Ka Man, Moka 
can know the original research data. 
 
參與與退出 PARTICIPATION AND WITHDRAWAL 
您的參與是自願的。參加者可以選擇在任何時候停止參與此研究計劃及要求銷毀測試結果。 
Your participation is voluntary. For any reason, participants can withdraw from this research at any time 
and require deleting the test results without any negative consequences. 
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如果您對有關的研究有任何問題或疑慮，請隨時聯繫薛史蒂夫教授  (電話: 15920761690 電
郵 :professorxue@gmail.com) 或 莫 嘉 文 同 學 （ 電 話 : +852-9212-6103 電 郵 : 
kaja627@yahoo.com.hk）。如你想知道更多有關研究參與者的權益，請聯絡香港大學非臨床研究操
守委員會 (+852-2241-5267)。 
If you have any questions or concerns about this research study, please feel free to contact the Project 
Manager, Dr. Xue An (Tel: 15920761690 email: professorxue@gmail.com) or research assistant Ms Mok 
Ka Man, Moka（Tel: +852-9212-6103 email: kaja627@yahoo.com.hk）。If you have questions about your 
rights as a research participant, contact the Human Research Ethics Committee for Non-Clinical Faculties, 
HKU (+852-2241-5267). 
 
如你明白以上內容，並願意參與是項研究，請在下方簽署。 
If you understand the procedures described above and agree to participate in this study, please sign 
below. 
 
 
 
簽署 Signature:       
 
姓名Name:       
 
日期Date:              
 
Date of Preparation: 18th October, 2010. 
HRECNCF Approval expiration date: 30th May, 2011 
